Using high-resolution extreme ultraviolet interference lithography (EUV-IL), we investigated contact hole/pillars printing performance of several EUV resist platforms for the high-NA EUV lithography. We compared the dose and local critical dimension uniformity (LCDU) of the three chemically-amplified resists (CARs) with the best performance for printing contact holes (CHs) at half pitch (HP) of 24 and 20 nm. One of the CARs showed the lowest LCDU, 2.3 and 2.2 nm with lowest dose 16.4 and 21.1 mJ/cm 2 for HP 24 and 20 nm, respectively. With the inorganic resist we obtained 38.8 mJ/cm 2 with an LCDU of 1.3 nm for HP 20 nm pillars. We have also studied the effects of the resist thickness and post-exposure baking (PEB) temperature on the dose and LCDU. These results show that there are promising CAR and non-CAR resists for CH printing towards high-NA EUVL.
INTRODUCTION
In the last two decades EUV lithography (EUVL) has been developed to enable future progress in semiconductor manufacturing [1, 2] , and this year it has entered into the high-volume manufacturing (HVM) phase at 7 nm technology node [3, 4] . To enable future progress, high-NA EUVL is considered as the most viable option. To make sure that the HVM high-NA EUVL can be introduced to the market on time, EUV resists have to be developed that can resolve at 5 nm node and beyond with high sensitivity and how the line edge roughness (LER). Therefore, further research and development are needed to find the best EUV resists with optimal resolution-LER-sensitivity (RLS) [5] . To achieve this goal, it is necessary to develop, evaluate and understand the underlying mechanism of EUV resists before high-NA tools become available.
The EUV-IL end station at the XIL-II beamline of the Swiss Light Source (SLS) is a powerful and cost-effective tool to evaluate resist performance [2, [6] [7] [8] [9] [10] [11] [12] [13] . One good advantage of the EUV-IL is that we use the coherent light from synchrotron with the wavelength λ = 13.5 nm, so the theoretical resolution limit of this technique is HP 3.5 nm [14] , that is much higher than the current and future EUV scanner with 0.33NA and NA (0.55NA) [3] . The XIL-IL endstation has successfully achieved world record of 6 nm HP [15] and demonstrated single digital resolution down to 2.5 nm technological node [14] . With the XIL-IL endstation we can investigate the LER/LWR, LCDU, and sensitivity of the EUV resist platforms at high resolutions and thereby contribute to the global efforts of EUV resist development.
In this work, we present the recent overview of the state-of-art EUV resists for printing contacts (holes and pillars). After evaluation of ~20 resists with different processing parameters, such as post-expose bake (PEB), post-apply bake (PAB), development time/materials, and resist thickness, we singled out three best performance resists for HP 24 nm and HP 20 nm for CHs. We assessed the readiness of the EUV resist for HVM high-NA EUVL by comparing the critical parameters, including local critical dimension uniformity (LCDU) and dose, of the three resists categorized as two platforms (inorganic resist and CAR resist). For pillars printing, we demonstrated that PEB can substantially influence the dose and LCDU on inorganic resists.
EXPERIMENTAL METHODS
The resist evaluation is performed by the interference lithography XIL-IL tool. Its working principle is schematically shown in Fig. 1 . The transmission mask is illuminated perpendicularly with the plane wave (EUV light from the synchrotron SLS) polarized along the horizontal direction and the gratings. The diffracted beams from a grating pair interfere (with a relative angle of θ) on the surface of the photoresist-coated silicon wafer. We use the first-order diffracted beams for interference, and the relationship between the diffraction angle and the grating pitch is calculated as:
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where θ/2 is the diffraction angle and is the period of the grating (P). The period of the interfered sinusoidal aerial image is given as
As seen, the aerial image has a period (p) which is half of the grating period, which is one of the advantages of the interference lithography. With the wavelength λ = 13.5 nm, the theoretical resolution limit of this EUV-IL is 3.5 nm [14] .
The gap between the mask and the wafer surface varies depending on the pitch of the grating and is determined with the following equation:
where g is the gap between the grating and the interference pattern (mask-wafer distance) and d is the distance between the two gratings. We note that the depth-of-focus of the aerial image is infinite, which means that with the changing gap, the contrast of the image does not change. The Eq. 3 is the optimal distance of mask-to-gap, for the maximum area of the aerial image.
The formation of the aerial image can be line/space pattern, contact holes (CHs) or pillars pattern or pattern with triangle lattice [14, 16] . Figures 1(b) and (c) show two different grating configurations, two-beam and four-beam, which produce line/space and CHs or pillars. The details of effective double exposure theory for creating the CHs or pillar with EUV-IL is described elsewhere [16] . 
RESULTS
In this section, we present the performance of the resists, including CAR and inorganic resists, from five vendors, which we have tested by printing CHs. First, we show the three resists with the best performance out of ~20 resists for HP 24 and 20 nm for CHs printing. Also, we compare the critical parameters of the selected resists with promising performance. To characterize the resist, the exposed patterns were analyzed with SEM (Carl Zeiss SUPRA 55VP) at the acceleration voltage of 1 kV and 7.5 µm aperture. The CD values were calculated with in-house developed software, and the LCDU values are estimated using 3σ [17] .
The SEM images of the resists with the best performance for HP 24 and 20 nm are shown in Fig. 2 . The dose dependences of CD and LCDU for these resists are plotted in Fig. 3 . The full comparison of the dose and LCDU for all three resists is listed in Table 1 . All three resists have resolved both HP 24 and 20 nm. CAR resist C resolved both pitches with the lowest doses of 16.4 and 21.1 mJ/cm 2 , respectively. Also, resist C shows lowest LCDU of 2.3 and 2.2 nm. The CAR resist C seems to be the most promising candidate for CH printing as it gives low LCDU at low dose. The effects of resist thickness and PEB on the dose and LCDU were studied using the inorganic resist. Fig. 4 shows the SEM images of the HP 20 nm pillars exposed using inorganic resist A with two different thickness. The dose dependences of CD and LCDU for the different thicknesses are plotted in Fig. 5 . One can see that there is not too much change for both CD and LCDU for the two different resist film thicknesses. The quantitative comparison of dose to size and LCDU is listed in Table 2 . The thickness (in this range) hasn't shown pronounced effect on the dose.
The effect of PEB temperature on inorganic resist B was also studied. Fig. 6 shows the SEM images of HP 20 nm pillar patterns obtained with two different PEB temperatures. The PEB2 was 10 °C higher than PEB1 (Fig. 7) . The results confirm that the PEB T has a strong influence on the dose, influencing the thermal cross-linking that acts like an exposure. Thus, higher PEB will eventually decrease the dose. For the target CD, the required dose is 42% lower for PEB 2 than the one of PEB1, as shown in Table. 3. The LCDU is only 0.3 nm higher in case of PEB2 (1.9nm) compared to the PEB1 (1.6 nm). These results show that for the required dose and roughness PEB temperature can be optimized. Figure 6 . Plane-view SEM images of (a) inorganic resist at PEB1, (b) inorganic resist at PEB2. 
CONCLUSIONS
We presented the results of the EUV resist screening for printing contact holes/pillars with the EUV-IL tool at the PSI XIL-II beamline. The three selected CAR resists with the best performance could resolve HP 24 and HP 20 nm CHs. The CAR resist C requires the lowest dose to resolve both HP 24 and HP 20 nm with low LCDU. The inorganic resist shows that both resist thickness and PEB have an influence on the dose and LCDU to the certain extent. PEB can substantially decrease dose without increasing LCDU too much. From the results of the evaluation, it can be concluded that the CAR resist C and inorganic resist B can be considered as a potential candidate for printing high resolution contact holes/pillars. Furthermore, processing parameters, such as film thickness, PEB can be optimized in order to be ready for high-NA EUVL.
